
CELL REGULATION, VOI. 1, 403-413, April 1990

Prostaglandin E specifically upregulates the
expression of the mannose-receptor on mouse
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The macrophage mannose receptor (MMR)' facili-
tates the binding and internalization of microor-
ganisms and glycoproteins with terminal mannose
residues. The receptor is progressively upregulated
as bone marrow precursor cells mature into mac-
rophages and thus may serve as a marker of dif-
ferentiation. Prostaglandins of the E series (PGE)
are known inhibitors of monocyte and macrophage
precursor proliferation, an effect often associated
with cellular maturation. MMR expression was
therefore assessed after exposure of bone marrow
macrophage precursor (BMMP) cells to these
prostanoids. Receptor expression was determined
by ligand binding and via immunoprecipitation of
newly synthesized receptor molecules. PGE, and
PGE2 at 10-9-10-6 M upregulated MMR surface
expression and biosynthesis four- to sixfold in a
dose-dependent manner. BMMPs responsive to
prostaglandins were characterized by plastic ad-
herence, F4/80 antigen expression, and nonspecific

§ Corresponding author.
1 Abbreviations: a-mem, a-modification of Eagle's Me-

dium; AP, aminophylline; BMMP, bone marrow macrophage
precursor; BSA, bovine serum albumin; cAMP, cyclic AMP;
CSF-1, colony stimulating factor-1; DMSO, dimethylsulf-
oxide; FCS, fetal calf serum; HBSS, Hanks Balanced Salt
Solution; HHBG, HBSS with glucose and BSA; IBMX,
3-isobutyl-l-methyl-xanthine; '251-ManBSA, 1251-mannosy-
lated BSA; LTB,, leukotriene B4; Man-BSA, mannosylated
bovine serum albumin; MMR, macrophage mannose recep-
tor; PBS, phosphate-buffered saline; PGE, prostaglandin E;
PGI2, prostacyclin; TxB2, thromboxane B2-

esterase activity. Prostaglandins accelerated the
expression of the MMR in cells by 48-72 h, with
maximal levels of receptor expression being iden-
tical in control or treated cells. Thus, prostaglandins
enhanced mannose receptor expression in adher-
ent but not fully differentiated macrophage precur-
sors. This effect is specific for PGE and is mimicked
by dibutyrl cyclic AMP. These results indicate that
prostaglandins accelerate MMR expression and
hence the differentiation of macrophage precursor
cells. Cells resident in the bone marrow secrete
abundant prostaglandins, suggesting that a para-
crine mechanism may exist to regulate MMR
expression and function.

Introduction

Bone marrow macrophage precursors (BMMPs),
as they differentiate, progressively acquire
some phenotypic features important in host de-
fense. One such function is the capacity to in-
ternalize bacteria and other particulate matter
through nonopsonin, receptor-mediated
phagocytosis. It is likely that recognition of ter-
minal mannose residues on targeted particles by
cell surface macrophage mannose receptors
(MMRs) plays an important role in this process
(Stahl et al., 1980). This protein (MMR) is a 172-
kDa species unique to members of the mono-
cyte-macrophage family (Wileman et aL, 1986),
the expression of which is dampened upon ac-
tivation by bacteria or directly by -y-interferon
(Ezekowitz and Gordon, 1982). Alternatively, the
number of MMRs appearing on the surface of
BMMPs increases with time in culture or with
exposure to vitamin D (Bar-Shavit et al., 1983;
Shepard and Stahl, 1984; Clohisy et al., 1987).
As both duration of culture and vitamin D treat-
ment prompt macrophage maturation, rapid
appearance of cell surface MMR is believed to
be a marker of accelerated differentiation (Eze-
kowitz and Gordon, 1982; Shepherd et al., 1982;
Clohisy et al., 1987, 1989).

Eicosanoids are molecules generally found in
states such as inflammation, in which they
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Diagram 1. In vitro maturation assay of nonadherent
marrow cells. (A) Bone marrow mononuclear cells are plated
for 24 h and adherent cells discarded. These initially ad-
herent cells consist of mature macrophages, fibroblasts,
and endothelial cells. (B) The remaining nonadherent marrow
cells, which contain macrophage precursors and other mar-
row resident mononuclear cells, are plated in 24-well dishes
and maintained in culture for 3, 4, 5, 7 or 10 d. PGE, is
added 48 h (unless otherwise specified) after plating of mar-
row cells into the 24-well plates. (C) For assessment of sur-
face MMR expression (on days 2-10), adherent cells are
washed and labeled with 1251-ManBSA.

might modulate a multitude of host defense
mechanisms (Willis, 1970). Moreover, prosta-
noids are known to reduce macrophage acti-
vation and replication, an event typically asso-
ciated with cell differentiation (Gentile and
Pelus, 1987; Meerpohl and Bauknecht, 1987).
These observations led us to hypothesize that
prostaglandins also promote expression of the
MMR. We herein report that prostaglandins of
the E series (PGE) are, in fact, the most potent
inducers of the MMR presently known, pro-
moting its expression via enhanced synthesis.
Moreover, the process appears adenylate cy-
clase-mediated and dependent on the stage of
macrophage maturation. Most importantly, we
document PGE production by resident bone
marrow cells consistent with a paracrine reg-
ulation of MMR expression in vivo.

Results

Effect of PGE1 on 1251-mannosylated bovine
serum albumin (1251-ManBSA) binding
PGE, added at a concentration of 1 x 1 0-7M 48
h after plating of marrow cells (diagram 1)
causes a 3.5- to 6-fold increase in surface bind-
ing of 1251-ManBSA, whether calculated on a cell-
or protein-associated basis (Figure 1). The en-
hanced binding is dose dependent, with effects
seen at nanomolar concentrations, and is
therefore evocable by physiological levels of
PGE (Figure 2).
Scatchard analysis (Scatchard, 1949) of 1251-

ManBSA binding by PGE, (1 X 10-7M)-treated
cells was compared with control and with those
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Figure 1. Effect of PGE, on "251-Man BSA binding site
expression. PGE, (1 x 10-7 M) was added to marrow cells
that had been cultured for 48 h in the presence of 500 U/
ml CSF-1 (stage 1). After an additional 24 h, the number of
surface 1251-ManBSA binding sites was determined. The
number of 1251-ManBSA binding sites is upregulated by PGE,
compared with controls both when related to protein (black
bars, left ordinate) or to the number of adherent macro-
phages (hatched bars, right ordinate).

exposed to 1,25-dihydroxy-vitamin D3. We re-
peated previously described experiments with
1,25-dihydroxy-vitamin D3 (50 nM added at the
time of plating) to demonstrate that our system
yields similar results despite changes in cell
density (Clohisy et al., 1987). The binding con-
stant was the same in all circumstances (KD
= 3-5 x 10-9/ml) (Figure 3), establishing that
the differences in cell-associated ligand reflect
differences in MMR density. As seen in Figure
3, the prostanoid is a much more potent inducer
of MMR expression than is vitamin D.
The specificity of PGE-mediated upregulation

of MMR was examined by comparison with 1251_
a-thrombin binding (Clohisy et al., 1987), pre-
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Figure 2. The upregulation of 125l-ManBSA binding site
expression is dose dependent over a wide range. PGE,
was added to marrow cultures at 48 h at the concentrations
indicated and "2'I-ManBSA binding assessed at 72 h.
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viously shown to be unaffected by 1 ,25(OH)2D3.
Similar to vitamin D exposure, no alteration in
a-thrombin binding occurs with PGE1 treatment,
as treated cells express a mean of 378 000
binding sites and control, 353 000.

Effect of PGE, on MMR synthesis
Our next experiments were aimed at determin-
ing if the PGE1 effect on MMR expression re-
flects enhanced receptor synthesis. Thus, the
cells were metabolically labeled with Trans 35S
(methionine/cysteine) and the MMR immuno-
precipitated with time (Lennartz et al., 1989).

Figure 4 shows the double bands at 157 kDa
and 172 kDa reflecting sequential glycosylation
of the MMR protein core (Blum etal., 1989), the
appearance of which parallels surface expres-
sion of 1251-ManBSA binding sites assessed us-
ing the same batch of cells (Figure 4). The fact
that cathepsin D synthesis is unaffected by
PGE1 establishes the specificity of the latter on
the MMR. Day zero cells do not synthesize de-
tectable receptor protein.
MMR expression in response to
various eicosanoids
PGE1 and PGE2 are structurally related, but the
latter is the biologically synthesized compound.
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Figure 3. Saturation kinetics for specific 1"l-ManBSA
binding to control marrow cells (+), cells stimulated by
1,25(OH)2 (50 nM, A) or by PGE, (10' M, 0). 1,25(OH)2D3
was used to show that the results are identical with those
obtained previously in the same system at a different cell
density and by a different investigator (Clohisy et al., 1987).
(A and B) Specific binding of 1251-ManBSA. (C) Data are plot-
ted using the method of Scatchard (1949). No statistical
difference between the slopes of the graphs in C could be
seen. This indicates identical binding kinetics (data represent
the average of two experiments).

Both are thought to bind, although with probably
slightly different affinities, to the same receptor
(Siegl, 1982; Virgolini et al., 1988). As shown in
Table 1, MMR upregulation by PGE1 or PGE2 is
virtually identical. Despite the fact that prosta-
cyclin (PGI2) also has been reported to bind to
the PGE1 receptor (Virgolini et al., 1988; Siegal,
1982), in contrast to PGE2, neither it, leukotriene
B4 (LTB4), nor thromboxane B2 (TxB2) affect
MMR expression on bone marrow macro-
phages.

Effect of PGE, on the time course
ofMMR expression
These experiments involved exposure of mar-
row macrophage precursors 48 h after plating
to PGE1 (107M) or carrier dimethylsulfoxide
(DMSO). MMR expression was then followed
with time. As seen in Figure 5, whereas the
MMR appears spontaneously in culture, PGE1
accelerates its expression by 48-72 h. Thus, by
day 7, binding by both sets of cells is equivalent.
Although PGE1 accelerates MMR expression,
unexposed cells ultimately "catch up." Fur-
thermore, we found that exposure of cells to
PGE1 on days 7 or 10 does not enhance MMR
expression (data not shown).
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Figure 4. Biosynthesis of the mouse MMR is stimulated
by treatment of cells with PGE1. Marrow cells were cultured
in the presence or absence of PGE, added at 48 h followed
by radiolabeling at 72 h. Precipitated proteins isolated from
control cells are shown in A and C and from PGE1-treated
cells in B and D. Samples were immunoprecipitated with
normal rabbit serum (-) or specific antiserum (+) directed
against the MMR (A and B) or cathepsin D (C and D). Den-
sitometric quantification of each protein showed that the
MMR synthesis was induced 2.5-fold by PGE,, whereas ca-
thepsin D synthesis was unchanged. Surface binding studies
with '251-ManBSA using the same preparation of marrow
cells showed a 3.4-fold increase induced by PGE,.

Effect of macrophage maturation on
PGE,-regulatedMMR expression

The findings just described indicated that the
responsivity of marrow macrophage precursors
to PGE1 is lost with cell differentiation. Thus, to
explore the impact of maturation on PGE1-in-
duced MMR expression, our attention turned to
the earlier period of culture. First, we added
PGE1 at initiation of marrow cell cultures or at
various times thereafter and measured 1251_
ManBSA binding in all circumstances 72 h after
plating. As shown in Figure 6A, despite only 24
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Figure 5. The acceleration of '26I-ManBSA binding site
expression on marrow cells by PGE, (0) with time. Control
cells (O) reach comparable levels at later time in culture.
This means that PGE, accelerates the time course of
"spontaneous" MMR expression during in vitro differentia-
tion. However, control cells "catch up," thus finally resulting
in an identical phenoptype in regard to MMR expression
(n = 3).

h of exposure, PGE added at 48 h had the most
profound effect on MMR expression.
We next determined whether, similar to 2-d

cells, 24-h exposure to PGE would enhance
MMR expression by freshly plated marrow
macrophage precursors. Thus cells, at the time
of plating, were exposed to PGE, (10-7M) or
carrier for 1 d, after which time the medium was
changed without removal of nonadherent cells.
As seen in Figure 6B (hatched bars), such treat-
ment does not impact on 1251-ManBSA binding
assessed 48 h later, indicating that MMR
expression by early BMMPs is not regulated by
the prostanoid. In contrast, exposure of 2-d cells
to PGE1 for 24 h, whether nonadherent cells are
removed (solid bars) or not (open bars), upregu-
lates the receptor 8- to 1 0-fold. Thus, PGE1 ap-
pears to enhance MMR expression by targeting
to adherent but not fully differentiated macro-
phage precursors, which are >950/o positive for
F4/80 antigen expression. Moreover, PGE-in-
duced enhancement of MMR expression does

Table 1. MMR surface expression in response to eicosanoids

Control PGE1 PGE2 PGI2 TxB2 LTB4

72 h 100% 452 + 320/o 491 + 410/0 104 + 11/o 98 + 90/o 101 + 40/
96 h 100%/o 474 + 270/o 532 + 520/o 112 + 140/o 122 + 170/o 105 + 80/%

Eicosanoid compounds (1 x 10-7 M) were added to marrow cells 48 h after plating. MMR surface expression of adherent
cells was assessed after 72 h (n = 4) or 96 h (n = 3) by 1251-ManBSA binding. Binding data are normalized for cell-associated
proteins and are expressed as a percentage of DMS0 control.
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Figure 6. (A) Different responsivity to PGE, (1O-' M) in regard to the expression of lI-ManBSA binding sites with time
in culture. Marrow cells were cultured for 72 h under all circumstances with addition of PGE, at different time points.
Maximum response could be elicited when PGE, was added at 48 h. This means that, despite a shorter time for the response
to the agent, MMR upregulation was distinctly higher (n = 3). (B) 1251-ManBSA binding results obtained from "wash off"
experiments. Marrow cells, at the time of plating, were exposed to PGE, (1 07 M) or DMSO carrier. After 24 h media were
changed and the stimuli withdrawn without removal of nonadherent cells. 1251-ManBSA binding site expression was assessed
at 72 h. The filled bars represent results from cells that were first cultured for 48 h in a-MEM (containing CSF-1 and FCS).
The nonadherent cells were washed off at 48 h and PGE, (1 07 M) or DMSO added to the remaining, adherent macrophages.
1251-ManBSA binding sites were assessed also at 72 h (hatched bars). The open bars show cells that received PGE, (1 0-7 M)
at 48 h by addition to the medium without any further changes in the culture conditions and without removal of the nonadherent
cells (n = 4).

not require the presence of the nonadherent
cells in the culture.

Effect of cell cycle and colony stimulating
factor-1 (CSF-1) on PGE-regulated
MMR expression

Gene expression may be cell-cycle dependent,
and we therefore examined the effects of PGE1
on DNA synthesis. Figure 7 shows the prosta-
noid to be distinctly antiproliferative in the first
2 d of culture but only minimally so when added
at 48 h. Because the PGE1 antiproliferative ef-
fect appeared inversely related to its effect on
MMR expression, we were obligated to explore
further the impact of DNA synthesis on receptor
appearance. To this end, we exploited our pre-
vious findings that the replication rate of bone
marrow precursors can be modulated by am-
bient CSF-1 levels. Specifically, 4 h after ex-
posure to 50 U/mI of the growth factor, <50/o
of the cells are in S-phase of the cell cycle, com-
pared with 400/o-500/o exposed to 1000 U/ml
(Clohisy et al., 1989). Thus, cells were plated in
media containing either 50 (hatched bars), 500
(black bars), or 1000 (crosshatched bars) U/mI
CSF-1 and PGE1 (1 0-7M) or DMSO added at 48
h (Figure 8A). Adherent cells were analyzed at
72 h. As expected, reduction of CSF-1 to non-
mitogenic levels (50 U/mI) completely ablated
the PGE1-induced upregulation of the MMR,

whereas cells cultured with 500 or 1000 U/ml
increased MMR expression in response to
PGE1. Similar results were seen at 96 h (data
not shown).
Because withdrawal of CSF-1 may be antidif-

ferentiative as well as antiproliferative, we con-
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Figure 7. Antiproliferative properties of PGE, are dose
dependent. PGE, was either added at 0 h and mitogenesis
read at 24 h (+) or read at 48 h (A). Alternatively, PGE, was
added at 48 h and mitogenesis read at 72 h (0). The amount
of PGE, that was used for the MMR regulation studies re-
sulted in <15% inhibition of growth when added at 48 h.
As expected, the antiproliferative action of PGE, on marrow
cells was maturation dependent: when added at plating the
inhibition was much greater than when added later to more
mature cells (representative of three experiments). Data
obtained with PGE2 are very similar and are therefore not
shown.
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Figure 8. (A) Results from marrow cells that were cultured for 72 h in media containing different concentrations of
CSF-1 (50 U/mI, hatched bars; 500 U/mI, filled bars; 1000 U/mI, crosshatched bars). After 48 h they received PGE1 (1
x 10-7 M) or appropriate amounts of DMSO. CSF-1 (50 U/ml) sustained cell survival; however, the response to PGE, was

greatly diminished. The level of "spontaneous" MMR synthesis (control) was uninfluenced. (B) Cells that were cultured in
500 U/mI of CSF-1 and then underwent a change of media at 44 h. They were exposed at this time to varying amounts of
CSF-1 (50 U/ml, hatched bars; 500 U/ml, filled bars; 1000 U/ml, crosshatched bars) for the remaining 28 h. At 48 h they
received either PGE, (10-7 M) or DMSO. The different proliferational states dependent on the CSF-1 concentration did not
influence PGE1-induced upregulation of MMR (n = 3).

ducted a second set of experiments. Marrow
cells were grown from 0 h to 44 h in the pres-
ence of 500 U/ml CSF-1. At 44 h the medium
was replaced and the CSF-1 content was either
lowered to 50 U/ml, maintained at 500 U/mI, or
increased to 1000 U/ml. Four hours after this
change, PGE1 or DMSO was added. Regardless
of CSF-1 content (and the fact that >900/o of
cells exposed to 50 U/ml of the growth factor
were in GO/G1 phase), a 2.5- to 3.5-fold increase
in the expression of 1251-ManBSA binding sites
was obtained in each circumstance whether
measured at 72 (Figure 8B) or 96 h (data not
shown). These experiments suggest that
BMMPs require physiological amounts of CSF-
1 during initial in vitro culture to allow MMR
expression in response to PGE1. Having ma-
tured to the point of adherence, they are fully
responsive to PGE1-induced upregulation of 1251_
ManBSA binding, regardless of whether ambi-
ent CSF-1 is above maintenance levels.

PGE1 effect on CSF-receptor expression
No significant effects of PGE1 added at various
time points on CSF-1 receptor expression could
be found, as assessed by ligand-binding studies
with 125-iodinated stage V CSF-1.

Cyclic AMP effect on 1251-ManBSA binding
Cyclic AMP (cAMP) levels in lysates of adherent
bone marrow macrophages (48 h) increase (as
determined by immunoassay) more than 100-
fold in the PGE1-stimulated (1 x 10-7M) cells
compared with DMSO controls (from 5.3 ± 1.2
fMol/ml to 552 ± 32.7 fMol/ml), suggesting that

the cyclic nucleotide may mediate the prostan-
oid's effect on MMR expression. In fact, 1251_
ManBSA binding is enhanced by dibutyryl-
cAMP, particularly in the presence of aminoph-
ylline (AP) or IBMX (Figure 9, data from IBMX
were similar to AP and are not shown).

PGE production by bone marrow cells
To investigate whether marrow cells might au-
toregulate differentiation, we assessed endog-
enous PGE production in vitro and in vivo. Me-
dium conditioned by marrow macrophage pre-
cursors cultured for 1 or 5 d does not contain
detectable PGE2. Initially adherent cells, namely
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Figure 9. 1251-ManBSA binding after stimulation with PGE,
(10-7 M, at 48 h), dibutyryl-cAMP (10-4 M, at 48 h), and
dibutyryl cAMP together with aminophylline (AP, 10-i M
or 10-3 M, respectively, at 48 h). Exogeneous dibutyryl-
cAMP could not stimulate MMR expression to the same
height as PGE,; however, the effect could be increased by
addition of aminophylline (n = 3).
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those generally discarded after the overnight
adherence step, do, however, release between
56 and 70 pg/i 00 Jl (1.7-2.2 x 1 0-9M) of PGE2
per day. This population contains mature mac-
rophages, fibroblasts, and endothelial cells
(diagram 1), all of which are known to secrete
PGE2 (Sestini et al., 1984; Schror, 1985; Piquet-
Pellorce et al., 1987; Diaz et al., 1989). More-
over, crude, homogenized mouse bone marrow
contains measurable amounts of PGE2 (up to
70 pg/100 il [2.3 x 10-9M]). Thus, whereas
PGE2 does not autoregulate MMR expression
in our cultures of macrophage precursors, in
vivo the cells are likely to be exposed to sub-
stantial amounts of the prostanoid. Moreover,
addition of indomethacin (1 0-6M) to marrow cell
cultures at different times did not influence
MMR expression.

Discussion

Macrophages ingest a wide variety of particles
without the need for opsonization. It appears
that the participation of receptors recognizing
sugar residues of glycoproteins is important in
this process. For example, Speert et al. (1988)
recently reported that the mannose receptor
facilitates phagocytosis of unopsonized P.
aeruginosa by monocyte-derived macrophages.
Because the phagocytic capacity of macro-

phages progresses with differentiation, we and
others postulated in a previous study that MMR
expression would also mirror the maturational
process (Ezekowitz and Gordon, 1982; Shep-
herd et al., 1982; Clohisy et al., 1987, 1989). In
fact, we found that 1251-ManBSA binding by
BMMPs progressively increases as the cells
spontaneously mature in culture and that the
upregulation is enhanced by 1,25-dihydroxyvi-
tamin D3, an agent known to promote macro-
phage differentiation.
We found in the present study that prosta-

glandins also enhance MMR expression and are
the most potent such agents yet tested.
Whereas vitamin D treatment doubles radioli-
gand binding capacity, prostanoids increase it
up to sixfold. Moreover, this property appears
specific to PGE and the upregulation specific to
the MMR.
MMR expression at the cell surface may re-

flect a host of intracellular events. Mannosy-
lated ligands are bound by the plasma mem-
brane receptor, whereupon the complex is in-
ternalized and disassociated in endosomes, and
the receptor recycles to the cell surface from a
large intracellular pool. Thus, plasma membrane

density may reflect alterations in trafficking of
the receptor as well as its rate of turnover. We
found that freshly isolated BMMPs fail to ex-
press or synthesize detectable MMR protein,
whereas PGE1 treatment leads to its enhanced
synthesis. Moreover, parallel increases in MMR
production and 1251-ManBSA binding suggest
that, after receptor synthesis, maturing BMMPs
rapidly translocate it to the plasma membrane.
Although data accumulated thus far indicated

that prostaglandins enhance MMR expression
at a particular point in time, they did not estab-
lish whether these agents alter the ultimate
phenotype of BMMPs. Our time course exper-
iments indicate, however, that PGE1 accelerates
appearance of the membrane protein by 48-72
h, but ultimately, control cells differentiate and
bind as much 1251-ManBSA as do those treated
with PGE1 . Thus, it appears that prostaglandins
accelerate the time course of differentiation of
the macrophage-and, as a consequence,
MMR expression-but not the cells' ultimate
phenotype. We also found that, consistent with
its role as a macrophage-differentiating agent,
PGE1 loses its upregulating effect on the MMR
as BMMPs mature in vitro.
These data indicate that PGE accelerates

MMR expression within a specific temporal
window appearing shortly after BMMP isolation.
We therefore turned to early periods of culture
to explore the effect of cell maturation on the
prostaglandin-mediated event and found re-
ceptor upregulation to be most profound when
PGE1 is added 48 h after plating. Moreover, the
prostanoid fails to influence MMR expression
by more immature (i.e., nonplastic adherent)
BMMPs. Taken with the loss of responsivity of
these cells with prolonged (>7 d) culture, there
appears to be a maturational window in which
prostaglandins are capable of impacting on
the MMR.
As cells mature, their replicative rate generally

declines. Thus, the possibility existed that the
PGE-mediated effect reflects changes in cell
cycle. In fact, we found that PGE1 suppresses
DNA synthesis in early BMMP cultures. Alter-
natively, prostaglandin-induced MMR expres-
sion remains constant regardless of whether or
not the majority of cells are undergoing DNA
synthesis, establishing that the effect is cell-
cycle independent.
On the other hand, some of these experi-

ments involved withdrawal of CSF-1 to mainte-
nance (i.e., nonproliferative) levels. As the mac-
rophage-specific growth factor also has differ-
entiating properties, its removal may have
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effects other than anti-proliferative that might
secondarily impact on the MMR. We therefore
determined whether PGE-mediated MMR up-
regulation is CSF-1 dependent. Consistent with
a maturational window of responsivity, we
noted that early cultures require physiological
amounts of CSF-1 for prostanoid-stimulated
MMR expression to occur. Once BMMPs have
reached the optimal stage of differentiation (i.e.,
48 h), however, the PGE effect is independent
of CSF-1 levels. Moreover, the data that PGE1
does not influence CSF-1 -receptor expression
(a receptor that appears early in macrophage
differentiation [Bartelmetz and Stanley, 1985])
underscore that the compound is modulating
cell development at a relatively late stage in dif-
ferentiation. It also confirms our findings of the
PGE1 effect being CSF-1 independent once
precursors reached a responsive developmental
stage. We would also point out that similar, al-
though less extensive, studies were performed
using highly purified (stage V) CSF-1 as a growth
factor for culture. These experiments quanti-
tatively mirrored those just described, revealing
progressive spontaneous appearance of the
MMR and its upregulation by PGE1 (data not
shown), indicating that elements other than
CSF-1 in the stage I preparation are irrelevant
to PGE regulation of the receptor.
PGE, on interacting with its receptor, gener-

ally activates adenylate cyclase, and a number
of subsequent signals are known to be cAMP
dependent (Yu et al., 1976). We found, as ex-
pected, that PGE, markedly enhances intracel-
lular cAMP levels, and-most importantly-a
cAMP analogue, particularly in the presence of
phosphodiesterase inhibitors, also prompts ap-
pearance of the MMR. The fact that 1251_
ManBSA binding in the presence of dibutyrl
cAMP does not reach those levels induced by
PGE1 may reflect failure of the exogenous cyclic
nucleotide to accumulate maximally in critical
cellular compartments.

Finally, we turned to the possibility that mar-
row cells might, through endogenous produc-
tion of prostaglandins, autoregulate MMR
expression. Thus, we measured PGE2 produc-
tion by cultured cells and found that our purified
BMMP population, maintained for up to 5 d in
culture, failed to condition the medium with de-
tectable levels of the eicosanoid. Alternatively,
other marrow resident cells do produce PGE2,
and the prostanoid is present in freshly ex-
tracted mouse marrow. Thus, the potential of
paracrine regulation of MMR expression by
BMMP exists in vivo.

Methods
Unless otherwise specified, all chemicals and media were
obtained from Sigma (St. Louis, MO). Horse and fetal calf
sera (FCS) were purchased from Hazelton Dutchland Re-
search Products (Denver, PA) and GIBCO (Grand Island,
NY). The FCS were found to be free of inhibiting factors
(Clohisy et al., 1989). Murine L929 cells were a gift of Dr.
H.S. Lin (Washington University Medical School, St. Louis,
MO) and ManBSA (42 mol of sugar/mol of protein) was pur-
chased from E-Y Laboratories (San Mateo, CA). a-Thrombin
is a gift of Dr. J. Fenton (New York State Dept. of Health,
Albany, NY) and 1,25-dihydroxivitamin D3 was a gift from
Dr. Milan Uskovic (Hoffman-LaRoche, Basel, Switzerland).

Preparation of stage I CSF-1
CSF-1 was prepared by modification of the method de-
scribed by Stanley (1985). Serum-free conditioned medium
from L929 cells was chromatographically purified by batch
calcium phosphate method. Specifically, 200 ml of calcium
phosphate gel (300 ml of 0.4 M Na3PO4 plus 3 1 of 0.057 M
CaCI2) was added to 1.5 of L929 conditioned media, stirred
for 30 min, and allowed to settle. The supernatant was dis-
carded and the gel rinsed five times with 3 mM Na3PO4 (pH
6.5) and three times with 100 mM Na3PO4. Supernatants
were collected from the high molarity phosphate rinses,
concentrated, and dialyzed against deionized water. CSF-
1 activity was determined by the use of a bioassay of cellular
proliferation against known standards, as described previ-
ously (Clohisy et al., 1987). Total protein concentration was
determined with the use of the method of Lowry et al. (1951).
Typical final specific activities for stage I CSF-1 were 106
U/mg protein. When necessary, CSF-1 was purified to stage
V by the method of Stanley et al. (1975).

Complete culture medium
The a-modification of Eagle's Medium (a-MEM) with 500 U/
ml stage I CSF-1 (unless otherwise specified), 150/% FCS,
and penicillin/streptomycin (100 U/ml and 100 Ag/ml, re-
spectively) was used.

Marrow cells
Nonadherent cells were obtained from bone marrow cultures
of 9- to 12-wk-old male A/J mice (Jackson Laboratories,
Benton Harbor, Ml) or C3H mice (Jewish Hospital of St. Louis,
MO) and prepared as described previously (Tushinski et al.,
1982). In brief, the ends of freshly harvested femurs or tibiae
were excised, and the cells were collected by flushing the
medullary cavity with a-MEM (40C) through an 25-gauge
needle. The marrow plug was dispersed by several passages
through an 18-gauge needle, and the cells were pelleted
(800 x g for 7 min at 40C). The pellet was resuspended in
a-MEM (40C) and the number of nucleated cells determined
by counting an aliquot of the resuspended cells in 4%o acetic
acid. Cells (1 x 1 06 cells/ml) were then seeded into tissue
culture dishes (Falcon Plastics, Lincoln Park, NJ) at a density
of 3.4 x 1 05 cells/cm2 in the presence of complete medium
containing 500 U/mI of stage I CSF-1. After a 24-h incuba-
tion, nonadherent cells were collected and the adherent cells
discarded. The nonadherent population was pelleted (800
x g for 7 min at 40C), resuspended in Pronase solution (1
ml of 0.02Yo w/v Pronase, B grade, [Calbiochem, La Jolla,
CA], 1.5 mM EDTA in phosphate-buffered saline (PBS)/10'
nucleated cells) and incubated for 15 min at 370C. Pronase
treatment was stopped by the addition of horse serum (0.2
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ml/l 0 ml Pronase solution) and the suspension layered onto
15 ml of horse serum (40C) and incubated on ice for 15 min.
The top layer was collected and relayered on a 15 ml horse
serum gradient (1200 x g for 7 min at 40C). The pelleted
cells were resuspended in complete medium and the number
of nucleated cells was determined. This group of nonad-
herent cells, which is 24-h post-bone marrow cell isolation
and freshly recovered from Pronase treatment, is designated
"marrow cells." When these cells are cultured in the pres-
ence of 500 U/mI CSF-1 for 7 d, >99% of colony forming
units [CFU-(c)sJ share macrophage morphology and plastic
adherence and are positive for the monocyte-specific en-
zyme a-naphthyl acetate esterase as well as for surface
expression of the macrophage lineage specific antigen F4/
80 (Austyn and Gordon, 1981).

Adherent bone marrow-derived
mononuclear phagocytes
Marrow cells were cultured at a concentration of 150 000
cells/ml in 24-well plates (NUNC, Naperville, IL) in 2 ml of
complete medium/well or in 50 ml of medium in tissue culture
dishes (Falcon Plastics). After designated periods, adherent
cells were used for binding studies or immunoprecipitation,
respectively.

PGE andMMR expression
At various times, PGE1 or PGE2 was added in the marrow
cell cultures at a final concentration of 1 x 1 07 M (unless
otherwise indicated). PGE1 and PGE2 stock solutions were
dissolved in DMSO at a concentration of 1 mg/ml and diluted
from there. PGI2 and LTB4 solutions were prepared similarly
in DMSO and ethanol, respectively. 1,25-dihydroxy-vitamin
D3 (Hoffman-LaRoche) was added at a final concentration
of 50 nM from a stock solution in ethanol. The final con-
centration of ethanol or DMSO added to the cultures was
<0.01%. Additionally, appropriate controls included the
amount of ethanol or DMSO carrier.

PGE2 and LTB4 assay
Mouse femurs or tibiae were harvested as described and
the cells spun down. The resulting supernatants as well as
supernatants of 24-h cultures from crude bone marrow and
supernatants from marrow cell cultures at different times
were analyzed for PGE2 and LTB4 by radioimmunoassay
(Amersham, Arlington Heights, IL).

cAMP determination
cAMP levels were determined by radioimmunoassay using
a modification of the method of Harper and Brooker (1975).
Adherent cells were treated with PGE1 as indicated at 370C
for 25 min. The reaction was stopped by the addition of
perchloric acid to a final concentration of 0.6 N. The sample
was neutralized with 3 M KOH and centrifuged. A 1 00-,ul
aliquot of the supernatant was combined with 100 ul of 20
mM MES (2-[N-morphino]ethanesulfonic acid) buffer. Five
microliters of 2:1 triethylamine:acetic anhydride was added
to acetylate the cAMP. The mixture was vortexed immedi-
ately and brought to 1 ml final volume with MES buffer.
Aliquots were incubated with polyclonal anti-cAMP antisera
and 1251-cAMP at 40C for 16-20 h. Unbound label was sep-
arated from bound by the second antibody technique. Tubes
were centrifuged and the pellet counted in a gamma counter.
This assay has a lower limit of sensitivity of 5 fmol cAMP/
ml.

Adherent cell counts
Plastic adherent macrophages were washed three times
with cold PBS, detached from the tissue culture plastic after
a 5-min incubation at 200C in 0.005% Zwittergent (Calbio-
chem), and counted in a hemocytometer (Bar-Shavit et al.,
1983; Clohisy et al., 1989).

[3HJthymidine incorporation assay

Adherent mononuclear phagocytes were pulsed with 20 ,Ci
of [3H]thymidine (ICN, Costa Mesa, CA) and incubated at
370C. After a 4-h incubation, the cells were rinsed with PBS
and incubated (370C) for 30 min in 10% trichloroacetic acid.
They were then rerinsed with an ethanol:ether (3:1) solution
and extracted for counting in 0.1 N NaOH.

ManBSA iodination
ManBSA (300 Ag) was dissolved in 300 Al of PBS and mixed
with 2 mCi of Na125l (Amersham) and 600 ;g of chloramine
T in 60 Al of 0.1 M Na3PO4 buffer (pH 7.6) (Konish et al.,
1983). The reaction was terminated after 10 min on ice by
addition of 380 ,l of sodium metabisulfate (2.4 mg/ml) and
380 Il of potassium iodine (10 mg/ml). Free iodine was re-
moved by running the sample on a Sephadex G-50 column
(1 x 20 cm) buffered in 10 mN tris(hydroxymethyl)amino-
methane (Tris)-HCI (pH 7.5). Samples (0.4 ml) were collected
and active fractions identified by gamma counting. Protein
determination was performed by the method described by
Miller (1959), and specific activity was typically 5-8 x 1 o6
cpm/ug ManBSA, with >95% of total counts being trichlo-
roacetic acid precipitable. The ligand was used within 2 wk
of iodination.

'251-ManBSA binding assay
The assessment of surface binding sites on adherent bone
marrow mononuclear phagocytes by the use of '251-ManBSA
was modified from techniques previously described (Konish
et al., 1983). Binding assays were carried out at 40C with a
nonspecific binding representing <10% of total cell-asso-
ciated counts.
The cells were washed three times (0.4 ml/well/wash) with

Hank's Balanced Salt Solution (HHBG) (10 mM N-2-hy-
droxyethylpiperazine-/M-2-ethanesulfonic acid [HEPES], 10
mM Tris, 0.1% glucose, and 10 mg/ml BSA, pH 7.1) and
incubated with 0.2 ml of 2 Ag/ml 1251-ManBSA in HHBG (un-
less otherwise indicated) plus 0.2 ml of HHBG ± 4 mg/ml
mannan (final volume 0.4 ml/well). Equilibrium binding was
achieved after a 48-h incubation, and the level of cell-as-
sociated ligand was determined. The incubation medium
was aspirated, and cell monolayers were rinsed quickly six
times with Hank's Balanced Salt Solution (HBSS). Cells were
dissolved in 0.1 N NaOH (0.5 ml/well), and cell-bound ra-
dioactivity of NaOH-solubilized material was measured by
gamma counting. Duplicate values were determined for all
binding points. The protein concentration was assessed by
the method described by Lowry et al. (1951).

'25lodination of a-thrombin and
a-thrombin-binding assay
These were performed as described previously (Clohisy et
al., 1987). Specific activity of a-thrombin was typically at 5-
6 x 1012 cpm/g. All linear and nonlinear graphs were cal-
culated from the measured values by an iteration program.
Transformation of binding data to determine dissociation
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constants and estimate the number of available binding sites
was performed by methods of Scatchard (1949).

CSF-1 binding assay
CSF-1 binding was assayed using a modification of the
methods of Stanley et al. (1975). Cells were plated as above.
Sixteen hours before the assay, cells were washed to remove
any CSF-1 and placed in a-MEM supplemented with 15%
FCS, which did not contain any CSF-1, to upregulate the
receptor. All binding assays were carried out at 4°C. Ad-
herent cells were washed three times with 0.5 ml of binding
buffer (a-MEM supplemented with 0.2Yo BSA, 0.02Yo azide
and buffered with 25 mM HEPES, pH 7.4). Binding buffer
(100 gl) and 100 gl of 1251-stage V-CSF-1 (2.4 x 107 cpm/ml)
were added and then incubated for 1 h. Nonspecific binding
was determined by preincubation of cultures with 2000 U
unlabeled CSF-1 in 100 Al of binding buffer. 1251-CSF-1, pre-
pared by the methods of Stanley et al. (1975), was added
as above and incubated for 1 h. At the conclusion of the
binding time, cells were washed five times with ice-cold
HBSS to remove unbound isotope and solubilized with 0.1
N NaOH for gamma counting.

Biosynthetic radiolabeling and
immunoprecipitation ofMMR
Marrow cells (5 x 1 07) were incubated for 3 d in tissue culture
medium in the presence or absence of 1 x 10-7 M PGE,.
After this pretreatment, the cells were biosynthetically la-
beled for 3 h with Trans 35S (ICN) as previously described
(Lennartz et al., 1989). The radiolabeled cells were washed
two times with cold PBS and frozen at -20°C. Cells were
thawed and lysed by dounce homogenization in 5 mM TRIS
(pH 7.4) in the presence of 1 uM leupeptin and 1 fim pep-
statin. Whole cell membranes were centrifuged at 100 000
x g for 30 min (40C) and used for immunoprecipitation. The
mannose receptor is tightly associated with cell membranes
and is localized exclusively in this fraction isolated from cells.
The membranes were solubilized in 1 0/ Triton-X-1 00 (in PBS
with leupeptin and pepstatin). The detergent solubilized
membranes were precleared with protein A sepharose and
then immunoprecipitated with a rabbit antiserum specific
for the mouse MMR. This polyclonal antibody was generated
against the mouse receptor isolated from J774 macrophages
and shown to be specific by Western blotting and immu-
nofluorescence. Membrane fractions were subsequently
immunoprecipitated with a rabbit antiserum specific for
mouse cathepsin D (Blum et al., 1989). Immunoprecipitated
proteins were analyzed on 100% polyacrylamide electropho-
resis gels (Laemmli, 1970). Electrophoresis gels with 35S-
radiolabeled proteins were impregnated with Enlightning
(New England Nuclear-Dupont, Wilmington, DE) for auto-
radiography. Radiolabeled proteins were quantified after
autoradiography with the use of an E-C transmission den-
sitometer.

Statistics
Unless otherwise indicated, experiments were carried out
three or more times. Values represent the average ± SE.
Significance was tested with the Student's t test.
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